Sodium nitrite dispersed in solid argon exhibited infrared absorption at 1293.0, 1222.8, and 825.6 cm Ϫ1 , corresponding, respectively, to symmetric and asymmetric stretching, and bending, modes of the NO 2 Ϫ moiety in a bidentate planar cyclic structure of C 2v symmetry ͑designated cyclic-NaNO 2 ͒. 
I. INTRODUCTION
The nitrite anion ͑NO 2 Ϫ ͒ plays an important role in the ionic chemistry of the atmosphere, especially in the mesosphere. 1, 2 On the terrestrial surface, sunlight photolyzes nitrites in seawater to release reactive gaseous species NO and OH; these processes may occur to an extent sufficient to provide significant effects on the atmosphere. 3 The structure and stability of various conformers of the alkali-metal nitrite ͑MNO 2 ͒ are important in understanding the chemistry of nitrites, and are also of interest from a theoretical point of view. Calculations at various restricted Hartree-Fock selfconsistent field ͑RHF-SCF͒ levels predict that two planar structures of MNO 2 , a bidentate planar cyclic form with C 2v symmetry and a monodentate planar trans form are stable; the energy of the former is less by ϳ14.8 kcal mol Ϫ1 than that of the latter with an interconversion barrier approximately 23 kcal mol Ϫ1 . 4 Investigations on the structure of MNO 2 by means of matrix isolation techniques, 5, 6 electron diffraction, 7, 8 and other methods [9] [10] [11] [12] indicate that NO 2 Ϫ coordinates an alkali metal cation acting as a bidentate ligand and that the molecular ion retains approximately the same geometry as the free ion. No experimental evidence of a trans isomer is reported.
Infrared absorption of free NO 2 Ϫ ions isolated in solid Ar was observed by Milligan et al.; 5 a line at 1244 cm Ϫ1 was assigned to the asymmetric stretch ͑ 3 ͒ of NO 2 Ϫ . Ultraviolet photoelectron spectrum of gaseous NO 2 Ϫ was reported by Ervin et al.; observed fundamental frequencies of NO 2 Ϫ are 1 ϭ1284Ϯ30 cm Ϫ1 ͑symmetric stretch͒ and 2 ϭ776Ϯ30 cm Ϫ1 ͑bend͒. 13 Recently, Forney et al. 14 2 Ϫ yielded results consistent with experimental observations. [15] [16] [17] [18] It is important to compare the infrared absorption of MNO 2 with that of the free NO 2 Ϫ anion in order to investigate the interactions between ion pairs.
We produced various conformers of HOONO ͑Refs. 19-22͒ and KOONO ͑Refs. 23, 24͒ by irradiation of matrixisolated HNO 3 and KNO 3 , respectively, with lasers. The matrix cage enables photofragments to recombine to form various conformers; their identification was deduced from observed infrared absorption spectra of various isotopic species. In the present work we employed a similar technique and irradiated samples of NaNO 2 and KNO 2 to produce their trans isomers.
II. EXPERIMENT
The experimental setup is similar to that described previously. 19, 21 The cold matrix support was a gold-plated copper mirror ͑at 13 K͒ to reflect the IR beam to the detector; it was rotatable to face, as desired, the deposition inlet, the photolysis source, or the IR beam. Matrix-isolated samples were prepared by passing Ar in a stream though a glass tube over samples of NaNO 2 or KNO 2 ; the tube was heated to 633 K ͑for NaNO 2 ͒ or 643 K ͑for KNO 2 ͒. Typically 10 mmol of gaseous mixture was deposited over a period ϳ6 h. Proper dilution to avoid formation of aggregates was achieved by careful control of the temperature of the sample tube and of the flow rate of Ar.
A KrF excimer laser ͑248 nm͒, operated at 10 Hz with energy ϳ3.5 mJ pulse
Ϫ1
, was employed to irradiate the matrix sample. IR absorption spectra were recorded at each a͒ stage of photolysis with a Fourier-transform infrared ͑FTIR͒ spectrometer equipped with a KBr beamsplitter and a Hg/Cd/Te detector cooled with liquid N 2 to cover the spectral range 500-4000 cm
. Typically 400 scans were collected at a resolution 0.5 cm
. NaNO 2 
III. COMPUTATIONAL DETAILS
The energies, vibrational frequencies, and equilibrium structures were calculated with the GAUSSIAN92/DFT program. 25 Of two methods used to optimize the geometries and to calculate the wavenumbers, one involved quadratic configuration-interaction singles and doubles ͑QCISD͒, 26 and the other involved density functionals, described as Becke-3LYP, which is a variation of Becke's three-parameter hybrid functional using the Lee-Yang-Parr correlation functional. 27 Analytic first derivatives were utilized in geometry optimization, and vibrational frequencies were calculated at each stationary point. Vibrational frequencies were computed analytically at the Becke-3LYP level of theory but numerically at the QCISD level of theory. Split valence basis function sets 6-311ϩG* were used for Na, O, and N atoms, 28 and the 3-21 G basis set 29 augmented with two diffuse sp functions with exponents 0.013 385 83 and 0.006 692 92 was utilized for the K atom.
IV. RESULTS AND DISCUSSION
We irradiated matrix-isolated samples of sodium nitrite or potassium nitrite with either a KrF ͑248 nm͒ or ArF ͑193 nm͒ laser; the results are similar except that the photolysis yield was greater at 248 nm. Before photolysis, IR absorption lines of KNO 2 in solid Ar appeared as doublets, whereas those of NaNO 2 displayed as only singlets, consistent with previous report. 6 Hence, in the discussion we emphasize NaNO 2 because possible complications from the site splitting were avoided.
A. Photolysis of NaNO 2
Figure 1, trace A shows absorption spectra of samples of NaNO 2 in an Ar matrix in spectral ranges 1460-1250, 1240-1120, and 840-770 cm Ϫ1 before irradiation. Lines at 1293.0, 1222.8, and 825.6 cm
Ϫ1
, with the one at 1222.8 cm Ϫ1 much more intense than the other two, are due to cyclic-NaNO 2 . Lines due to minor impurities were also observed; they are readily identified as trans-HONO ͓at 1263.8, 800.5, and 796.5 cm
, marked with * in Fig. 1͑A͔͒ , 30 cis-HONO ͑at 1262.2 cm
, marked with ϩ͒, 30 and N 2 O ͑at 1282.8 cm
, marked with ᭺ ͒.
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Trace B of Fig. 1 are absorption spectra of the sample after irradiation at 248 nm for 30 min. The intensities of lines due to cyclic-NaNO 2 decreased to approximately 40% whereas those due to N 2 O impurities remained unchanged.
New lines at 1446.2, 1159.1, and 787.1 cm Ϫ1 ͓marked with t in Fig. 1͑B͔͒ were observed; the line at 787.1 cm Ϫ1 is much weaker than the other two.
Experiments with Na 15 NO 2 were performed; the resultant spectra before and after irradiation at 248 nm for 30 min are illustrated in Fig. 2 tral stripping, as shown in Fig. 2͑C͒ . The wave numbers of lines for 14 N-and 15 N-species observed before and after laser irradiation are summarized in Table I .
Assignment of isomers of NaNO 2
Lines at 1293.0, 1222.8, and 825.6 cm Ϫ1 observed before photolysis are associated with cyclic-NaNO 2 having both O atoms coordinating to Na ϩ ; the structure described as bidentate NaNO 2 has symmetry class C 2v . The assignment was reported by Barbeschi et N-substitution, consistent with the expectation for a bending mode ͑ 2 ͒ with N as the central atom. The small intensity of 1 and 2 is consistent with a C 2v structure in which the derivative of dipole moment is relatively small for symmetric motion. Hence, previous assignment of a bidentate cyclic structure with C 2v symmetry to the matrix-isolated NaNO 2 after deposition is supported by our results.
Lines observed after irradiation also shifted upon Although we cannot definitely assign these new lines to a specific open-chain conformation based on available spectral information, they are likely due to a trans-NaNO 2 conformer because the cis conformer is expected to convert readily to a more stable bidentate species, the parent cyclic-NaNO 2 .
Normal-mode analysis
Because the vibrations of NO 2 Ϫ are little affected by Na ϩ as verified previously, 6 and because the interionic modes are beyond our detection limit, we performed approximate normal-mode analysis based on experimental wave numbers associated with only vibrations of NO 2 Ϫ . 32 The potential energy is expressed according to the following equation in conventional notation:
in which f and ⌬d i ͑or ⌬͒ are force constants and displacements, respectively; in the case of cyclic-
The derived results are listed in Table II . The optimized wave numbers are within 1.5 cm Ϫ1 of those observed experimentally for both cyclic-and trans-NaNO 2 . The small deviation between experimental and calculated results are presumably due to the omission of metal cations in were observed ͑marked with t in trace B of Fig. 3͒ ; they are listed in Table I with weaker features in parentheses. Line splittings are presumably due to varied matrix environments; they were also observed for RbNO 2 and CsNO 2 . 6 The variation of line positions with metal cations confirms that observed lines before and after irradiation are due not to isolated anions but to ion pairs of alkali-metal salts.
Similar experiments were performed for K 15 NO 2 ; the results are also listed in Table I from photoelectron spectrum of gaseous NO 2 Ϫ is consistent with our results ͑787.1 and 782.8 cm
Ϫ1
, respectively͒ of trans-NaNO 2 and KNO 2 .
C. Comparison with theoretical calculations
A detailed discussion of theoretical calculations on MNO 2 ͑MϭLi,Na,K͒ performed at various levels is presented elsewhere. 33 According to theoretical calculations, there are two stationary conformations of MNO 2 . The more stable one is a planar bidentate cyclic-MNO 2 in which the metal ion binds symmetrically with two oxygen atoms of the ONO group, the less stable one is a planar monodentate trans-MNO 2 in which the metal ion binds with only one oxygen atom and is trans to the other oxygen atom. The structures of both isomers of NaNO 2 are shown in Fig. 4 with listed parameters derived at the Becke3LYP level. The two N-O bonds ͑ϳ1.26 Å͒ are identical in cyclic-NaNO 2 , whereas the N-O bond near the metal atom ͑ϳ1.30 Å͒ is slightly longer than the terminal one ͑ϳ1.21 Å͒ in trans-NaNO 2 ; these results are consistent with the expectation that the terminal N-O bond of trans-NaNO 2 is close to a double bond, stronger than the other N-O bond.
Cyclic-NaNO 2 is more stable than trans-NaNO 2 by 9.6 kcal mol Ϫ1 at the QCISD level, and by 10.4 kcal mol Ϫ1 at the Becke3LYP level of theory. The energy difference between cyclic-KNO 2 and trans-KNO 2 is smaller; 4.7 kcal mol Ϫ1 at the QCISD level and 3.8 kcal mol Ϫ1 at the Becke3LYP level. The results show that the metal cation affects the energy difference of two conformers less significantly when the metal and oxygen are farther apart as the size of the metal increases. A Mulliken population analysis ͑at Becke3LYP level͒ showed that net charges on Na, N, and O are 0.68, Ϫ0.08, and Ϫ0.30, respectively, for cyclic-NaNO 2 ; they are 0.91 ͑K͒, Ϫ0.17 ͑N͒, and Ϫ0.37 ͑O͒ for cyclic-KNO 2 . The net charges on Na, O, N, O are 0.75, Ϫ0.28, Ϫ0.32, Ϫ0.15 for trans-NaNO 2 , and those on K, O, N, O are 0.94, Ϫ0.26, Ϫ0.53, Ϫ0.15 for trans-KNO 2 , respectively. The ionic character of metal-oxygen binding is obviously superior on larger cations. NaNO 2 has six vibrational normal modes. They are illustrated in Fig. 4 for both cyclic-NaNO 2 and trans-NaNO 2 ; the arrows indicate relative motions of nuclei as calculated at the Becke3LYP level. Table III N isotopic ratios of vibrational wave numbers for both conformers calculated at the Becke3LYP and the QCISD levels of theory. The three largest vibrational wave numbers, observed experimentally, mainly correspond to motions of the ONO anion whereas the other three with wave numbers less than 400 cm Ϫ1 involve mainly motions associated with the metal cations. Unscaled vibrational wave numbers of QCISD for cyclic-NaNO 2 differ from experimental results by 5%-16%, whereas those of Becke3LYP agree with experiment better, with deviations only 2%-4%. The most notable deviation of the QCISD results is that vibrational wave numbers of ONO stretching modes are overestimated. The results of trans-NaNO 2 at the Becke3LYP level agree well ͑with deviations 1%-6%͒ with our experimental observation after irradiation of cyclic-NaNO 2 ; they further support our assignments of these lines to trans-NaNO 2 as discussed in the previous section.
Consistency in isotopic shifts between experiments and theory is an important indication of correct vibrational assignments because even though vibrational numbers obtained from theoretical calculations may differ from experimental results to a certain extent, ratios of vibrational wave numbers of various isotopic species are relatively accurate; errors in vibrational wave numbers are expected to cancel out when the ratio was calculated. Calculation of infrared intensities of vibrational modes of cyclic-NaNO 2 predicts an extremely intense line due to the asymmetric stretch of ONO ͑B 2 symmetry͒ and relatively weak lines of symmetric stretch and bend of ONO, consistent with experimental observations. Theory predicts that both NO-stretches of trans-NaNO 2 are relatively intense, as was observed experimentally. These results can also be rationalized by noting that the derivatives of dipole moment are large for both NO-stretching modes of trans-NaNO 2 , whereas that for the symmetric stretch of ONO is much smaller than that for the asymmetric stretch of ONO in cyclic-NaNO 2 . ͒ for an asymmetric stretch of NO 2 Ϫ is identical to that reported previously for NO 2 Ϫ in solid Ar. 5 The predicted value ͑1311 cm Ϫ1 ͒ for the symmetric stretch of NO 2 Ϫ is slightly greater than the reported value ͑1284 cm Ϫ1 ͒ of gaseous NO 2 Ϫ , but it agrees with our prediction based on the results of cyclic-KNO 2 and NaNO 2 , as discussed in Sec. III B.
V. CONCLUSION
We photolyzed cyclic-NaNO 2 in solid Ar with a KrF excimer laser at 248 nm and observed IR absorption lines ascribable to trans-NaNO 2 . Observed wave numbers of cyclic-NaNO 2 and trans-NaNO 2 are consistent with a planar bidentate structure with C 2v symmetry and a planar monodentate structure with Na ϩ trans to the terminal oxygen atom, respectively. Assignments were derived on the basis of observed vibrational frequencies, 15 N-isotopic shifts, relative infrared intensities, and by comparison with theoretical calculations. Similar results were obtained for KNO 2 in solid Ar; they also agree with calculations.
